Calixarenes have been successfully used to construct ionselective electrodes for primary organic ammonium ions as well as alkali metal cations. [1] [2] [3] [4] The hydrophobic cavities generated by the aromatic walls of phenol residues are potentially useful for the inclusion of non-polar moieties of alkylammonium ions. 1,2,4 Among various calixarene derivatives, calix [6] arenehexaacetic acid hexaethyl ester (see the structure in Fig. 1 ) was an excellent ionophore for making a hexylammonium-selective electrode; 5 this ionophore, named amine ionophore I, soon became commercially available from Fluka. 6 Later, it was found to induce a strong response to methylammonium among primary ammonium ions. 7, arenehexaacetic acid hexaethyl ester was also found to be an ionophore for making an ethylammonium-selective electrode.
In general, the hydrophobic cavities of calix [6] arene are potentially useful for the inclusion of linear alkyl groups of small size. 5, [7] [8] [9] As a continuation and extension of these studies, we were particularly interested in the use of calix [8] arene derivatives with larger hydrophobic cavities. Shvedene et al. 10 reported that an electrode based on one of the calix [8] arene derivatives, p-1-adamantylcalix [8] arene-octaacetic acid octaethyl ester, responded strongly to phenylalanine methyl ester as well as 2-phenylethylamine, suggesting that the ability of calix [8] arene derivatives to recognize organic ammonium ions is significantly different from that of calix [6] arene derivatives. In the present study, we used the calixarene derivatives shown in Fig. 1 , and systematically compared the response characteristics of calix [8] arene derivatives with those of calix [6] arene derivatives. We tested the organic amines shown in Fig. 2 , in addition to various inorganic cations and simple organic ammonium ions tested previously. 9, 11 These calix [8] arene derivatives were also found to well recognize 2-phenylethylamine and phenylalanine methyl ester compared with the corresponding calix [6] arene derivatives. Moreover, the calix [8] arene derivatives, especially 4, gave better selectivity against biologically active amines of a complicated structure, such as norephedrine.
Experimental

Reagents
Calix [8] arene-octaacetic acid octaethyl ester, p-tertbutylcalix [8] arene-octaacetic acid octaethyl ester, and p-tertbutylcalix [6] arene-hexaacetic acid hexaethyl ester were synthesized according to similar procedures, as described previously. 12, 13 Other chemicals were obtained from the following sources: amine ionophore I and bis(2-ethylhexyl) sebacate were from Fluka (Buchs, Switzerland); potassium tetrakis(p-chlorophenyl)borate (KTpClPB) was from Dojindo Laboratories (Kumamoto, Japan); poly(vinyl chloride) (PVC) (degree of polymerization, 1020) was from Nacalai Tesque (Kyoto, Japan); 2-phenylethylamine hydrochloride and Lphenylalanine methyl ester hydrochloride were from Sigma (St. [8] arene-octaacetic acid octaethyl ester and calix [8] arene-octaacetic acid octaethyl ester well recognized 2-phenylethylamine and phenylalanine methyl ester compared with the corresponding calix [6] arene derivatives. Moreover, the calix [8] arene derivatives, especially one having tert-butyl groups, gave better selectivity against biologically active amines having a complicated structure, such as norephedrine. We considered the interaction between calixarenes and organic ammonium ions from the viewpoint of molecular symmetries. [6] arenehexaacetic acid hexaethyl ester (amine ionophore I) (1), p-tertbutylcalix [6] arene-hexaacetic acid hexaethyl ester (2), calix [8] areneoctaacetic acid octaethyl ester (3), and p-tert-butylcalix [8] areneoctaacetic acid octaethyl ester (4).
Louis, MO, USA); and D,L-norephedrine hydrochloride was from Tokyo Kasei (Tokyo, Japan). All other chemicals were of analytical reagent grade.
Electrode system
The electroactive membranes were prepared by incorporating 1 mg of ionophore, 20 mol% of KTpClPB relative to the ionophore, 60 µl (55 mg) of bis(2-ethylhexyl) sebacate, and 30 mg of PVC. 9, 11 The materials were dissolved in tetrahydrofuran (about 1 ml) and poured into a flat Petri dish (28 mm in diameter). Then, the solvent was evaporated off at room temperature. The resulting membrane was excised and attached to a PVC tube (4 mm o.d., 3 mm i.d.) with tetrahydrofuran adhesive. Each PVC tube was filled with an internal solution comprising (a) 1 mM 2-phenylethylamine hydrochloride and 10 mM NaCl or (b) 1 mM D,L-norephedrine hydrochloride and 10 mM NaCl. The internal solutions (a) and (b) were, respectively, used when 2-phenylethylamine and norephedrine were examined as primary ions.
The sensor membrane was conditioned overnight in the respective internal solution. The electrochemical cell arrangement was Ag,AgCl/internal solution/sensor membrane/sample solution/1 M lithium acetate (salt bridge)/10 mM KCl/Ag,AgCl. Potential measurements were made with a voltmeter produced by a field-effect transistor operational amplifier (LF356; National Semiconductor, Sunnyvale, CA, USA; input resistance >10 12 Ω) connected to a recorder (R-62; Rikadenki, Tokyo Japan). The volume of the sample solution was 1 ml, because our electrode system was compact, as described previously. [14] [15] [16] Evaluation of the electrode performance
The detection limit was defined as the intersection of the extrapolated linear regions of the calibration graph. 17 The selectivity coefficients of the electrode, k i,j Pot , were determined by a separate solution method 17 using the respective chloride salts. The concentrations were adjusted to 10 mM. In some instances, a matched potential method 18 was also applied to evaluate the selectivity coefficients.
In this case, we used a fixed concentration (1.0 × 10 -5 M) of 2-phenylethylamine as a background. The selectivity coefficients were calculated from the concentration of the interfering ion that induced the same amount of potential change as that induced by increasing the concentration of 2-phenylethylamine to 2.0 × 10 -5 M. This measurement was performed in the presence of 0.1 M MgCl2 to keep the ionic strength of the solution constant, and MgCl2 was chosen because the interference by magnesium was very slight. All measurements were performed at room temperature (about 25˚C).
Results and Discussion
We compared the potentiometric ion selectivity coefficients of electrodes based on the calix [6] arene and calix [8] arene derivatives for various organic ammonium ions and inorganic cations, choosing 2-phenylethylamine as the primary ion (Fig.  3 ). These were determined by a separate solution method. 17 The electrode made from calix [6] arene-hexaacetic acid hexaethyl ester (amine ionophore I) (1; this number corresponds to that shown in Fig. 3 ) responded most strongly to 2-phenylethylamine among the organic ammonium ions tested in this study. However, there was a large interference by Tl + and Cs + , in accordance with the fact that this ionophore also acts as thallium and cesium ionophores. 11, 19 In the case of p-tertbutylcalix [6] arene-hexaacetic acid hexaethyl ester (2), the response to 2-phenylethylamine decreased remarkably, indicating that the existence of bulky tert-butyl groups blocks the inclusion of phenylethylamine in the cavity of calix [6] arene. This ionophore responded strongly to organic ammonium ions of small size, such as ethylammonium, as has been previously reported. 9 The electrode made from calix [8] arene derivative (3) and p-tert-butylcalix [8] arene derivative (4) responded most strongly to phenylethylamine among various organic ammonium ions and inorganic cations. Shvedene et al. 10 reported that p-1-adamantylcalix [8] arene derivative responded to phenylalanine methyl ester in addition to 2-phenylethylamine.
This indicates that the cavity of calix [8] arene is large enough to include more bulky molecules than phenylethylamine. In accordance with this fact, both calix [8] arene derivatives with and without p-tert-butyl groups (3 and 4) responded to L-phenylalanine methyl ester more strongly than calix [6] arene derivatives (1 and 2), though the response was somewhat smaller than in the case of 2-phenylethylamine, as shown in Fig. 3 . To cross-check the values of the selectivity coefficients, we measured the selectivity coefficients against L-phenylalanine methyl ester for all of the calixarene derivatives tested using a matched potential method. The logarithmic values were -2.1 for 1, -1.2 for 2, -0.6 for 3, and -0.3 for 4. These values were similar to those obtained by the separate solution method shown in Fig. 3 . Such a good correlation between the selectivity coefficients measured by the separate solution method and the matched potential method has generally been observed with electrodes using calixarene derivatives. 9, 11 Here, it is of interest to consider the interaction between calixarenes and organic ammonium ions from the viewpoint of their molecular symmetries. Figure 4 shows a schematic illustration of the interaction between calix [6] arene-hexaacetic acid hexaethyl ester and the primary organic ammonium ion. In this figure, we depict the conformation of the calixarene as a cone form. The molecular basis for the recognition of calix [6] arene derivatives by primary organic ammonium ions is that receptors bearing a C3-symmetrical proton acceptor site (negatively polarized oxygen atoms of carbonyl groups) of the calix [6] arene derivatives can strongly interact with primary ammonium ions, which act as C3-symmetrical proton donors. 20, 21 Furthermore, the hydrophobic cavities generated by the aromatic walls of phenol residues of the derivatives are potentially useful for the inclusion of non-polar moieties of 772 ANALYTICAL SCIENCES MAY 2003, VOL. 19 Fig. 2 Chemical structures of organic amines tested in this study. 2-Phenylethylamine (5), phenylalanine methyl ester (6), norephedrine (7), dopamine (8) , serotonin (9), and histamine (10).
organic ammonium ions.
Thus, these derivatives were successfully used to construct electrodes responsive to specific organic ammonium ions. 1, 2, [4] [5] [6] [7] [8] [9] 21 However, the calix [6] arene derivatives were effective for rather small molecules, such as methylammonium and ethylammonium. [7] [8] [9] In the case of bulky organic ammonium ions, the use of calixarenes having a larger cavity, such as calix [8] arene derivatives, would be effective. However, calix [8] arene derivatives, whose proton acceptor site is not C3-symmetrical, might restrict the interaction with primary ammonium ions for a difference in symmetry. Nevertheless, we observed that the proton acceptor site of the calix [8] arene derivatives, which deviated from C3-symmetry, was still able to interact especially with organic ammonium ions of an "unsymmetrical" structure, such as phenylalanine methyl ester. This implies that calix [8] arene derivatives were rather effective for the recognition of bulky and unsymmetrical organic ammonium ions, using a large cavity and choosing an appropriate position at the proton acceptor sites to interact with these primary ammonium ions.
Thus, we further examined the ability of these calix [8] arene derivatives to discriminate organic ammonium ions having a complicated structure. Because phenylalanine methyl ester possesses a "2-phenylethylamine skeleton", we were particularly interested in examining the response characteristics of biologically active amines having this skeleton, i.e., norephedrine, dopamine, serotonin, and histamine. The structures of these amines are shown in Fig. 2 , along with 2-phenylethylamine. As shown in Fig. 5 , both calix [8] arene derivatives (3 and 4) responded most strongly to norephedrine among the biologically active amines, except for 2-phenylethylamine, indicating that the derivatives well recognized certain biologically active amines of unsymmetrical and complex structures.
The derivative 4 discriminated norephedrine better than 3, in accordance with the greater ability of 4 to recognize phenylalanine methyl ester, shown in Fig. 3 . The norephedrine and phenylalanine methyl ester had well-separated hydrophilic and hydrophobic parts, which probably fitted the interaction with the derivative 4.
Then, calibration graphs were obtained for the electrodes by measuring known amounts of D,L-norephedrine hydrochloride added to 0.1 M MgCl2, and plotting the concentrations against the corresponding potential readings. A high concentration of MgCl2 was added to adjust the ionic strength of the solution, 9 and MgCl2 was chosen because the interference from magnesium was slight (log k Pot NER,Mg 2+ < -4). As shown in Fig. 6 , all of the ionophores tested in this study gave near-Nernstian responses to norephedrine. Table 1 summarizes the response characteristics of the electrodes. Calix [8] arene derivatives (3 and 4) showed a higher sensitivity than the corresponding calix [6] arene derivatives (1 and 2) . The slope and the detection limit for 3 were 57 mV per concentration decade and 2 × 10 -6 M, respectively, and those for 4 were 52 mV per concentration decade and 2 × 10 -6 M, respectively. The response times (90% final signal) of both electrodes were below 10 s when the concentration of norephedrine hydrochloride was changed from 10 to 100 µM. The lifetimes of the electrodes were more than one month, similar to those of other electrodes using calixarene derivatives reported previously. 5, 10 The pH dependence (pH 2 -12) of the electrodes using the ionophores 3 and 4 was also examined at 1 mM D,L-norephedrine in a manner similar to that described previously. 9 The electrode response was independent of the pH over a pH range of 3 -8.5. The decrease in the potential above pH 8.5 was attributable to an increase in the concentration of unprotonated amine, since the pKa of norephedrine has been reported to be 9.55. 22 The decrease in the potential below pH 3 may be due to the protonation of calix [8] arene derivatives in the membrane phase, resulting in a loss of the ability to complex with norephedrine. A similar observation was made with an ethylammonium electrode using ionophore 2 and a thallium electrode using ionophore 1. 9, 11 These results demonstrated that calix [8] arene derivatives, especially 4, can discriminate biologically active amines of a complicated structure, such as norephedrine. [6] arene-hexaacetic acid hexaethyl ester (amine ionophore I) (1), p-tert-butylcalix [6] arenehexaacetic acid hexaethyl ester (2), calix [8] arene-octaacetic acid octaethyl ester (3), and p-tert-butylcalix [8] arene-octaacetic acid octaethyl ester (4). 
